ABSTRACT: Crossbred lambs (47.3 kg BW) were used to study the effects of restraint and isolation stress on endocrine status and blood metabolites, antemortem glycogenolysis, and incidence of the darkcutting condition (DCC ) in the longissimus muscle ( LM) and to determine the role of muscle contraction in the formation of the DCC in sheep. Lambs were assigned randomly to three treatments: unstressed controls (C ); a single 6-h period of restraint and isolation stress (RIS); and a single 6-h period of RIS following epidural blockade (RISEB) with lidocaine. Blood was collected immediately before lambs were subjected to RIS and RISEB and at 12-min intervals during the 6-h period. Serum concentrations of glucose, lactate, and insulin were higher ( P < .01) in RIS and RISEB lambs than in C lambs. Serum free fatty acid concentrations were higher ( P < .O 1) in stressed lambs only during the first 4 h of stress. Plasma epinephrine and cortisol concentrations also were higher ( P < .O 1) in RIS and RISEB lambs than in C lambs. Lambs were slaughtered within 30 min after completion of stress. Immediately after stunning and at .75, 3, 6, 12, and 24 h postmortem, samples were removed from the LM in the hindsaddle and foresaddle for glycogen, lactate, and pH determinations.
ABSTRACT: Crossbred lambs (47.3 kg BW) were used to study the effects of restraint and isolation stress on endocrine status and blood metabolites, antemortem glycogenolysis, and incidence of the darkcutting condition (DCC ) in the longissimus muscle ( LM) and to determine the role of muscle contraction in the formation of the DCC in sheep. Lambs were assigned randomly to three treatments: unstressed controls (C ); a single 6-h period of restraint and isolation stress (RIS); and a single 6-h period of RIS following epidural blockade (RISEB) with lidocaine. Blood was collected immediately before lambs were subjected to RIS and RISEB and at 12-min intervals during the 6-h period. Serum concentrations of glucose, lactate, and insulin were higher ( P < .01) in RIS and RISEB lambs than in C lambs. Serum free fatty acid concentrations were higher ( P < .O 1) in stressed lambs only during the first 4 h of stress. Plasma epinephrine and cortisol concentrations also were higher ( P < .O 1) in RIS and RISEB lambs than in C lambs. Lambs were slaughtered within 30 min after completion of stress. Immediately after stunning and at . 75, 3, 6, 12 , and 24 h postmortem, samples were removed from the LM in the hindsaddle and foresaddle for glycogen, lactate, and pH determinations.
Muscle pH was elevated ( P < .01) by RIS and RISEB; ultimate pH exceeded 6.0. The LM from carcasses of RIS and RISEB lambs had lower ( P < .01) glycogen and lactate concentrations in both regions than the LM of C lambs. Subjecting sheep to a single 6-h period of RIS was an effective animal model to induce the DCC. Failure of the epidural blockade to inhibit antemortem glycogen metabolism and formation of the DCC indicates that muscle contraction was not requisite to those processes in sheep.
Introduction
Dark-cutting meat is a persistent quality defect characterized by an ultimate pH value in excess of 6.0; a high water-holding capacity; a dry, firm, "sticky" lean cut surface; and a dark-red t o almost-black lean color. It has been estimated that the dark-cutting condition ( DCC) cost the beef industry approximately $132.5 million in 1991, or approximately $5 for every steer and heifer slaughtered (Smith et al., 1992) .
As early as 1944, scientists concluded that the elevated pH associated with the DCC was related directly to a reduction in muscle glycogen content before slaughter (Hall et al., 1944) . Since that time, antemortem glycogenolysis generally has been accepted as the mechanism whereby the DCC is elicited. Several experimental conditions, including transportation stress (Warriss et al., 19901 , mixing of unfamiliar animals (McVeigh and Tarrant, 19831 , and slaughter of heifers in estrus (Kenny and Tarrant, 1988) have been associated with the depletion of muscle glycogen reserves before slaughter and the DCC. Although these experimental conditions successfully evoked characteristics of the DCC, Tarrant ( 198 1) indicated that the difficulty of consistently inducing the DCC under controlled experimental conditions was a drawback to fully understanding the causes and mechanisms responsible for this quality defect.
Glycogenolysis in skeletal muscle is regulated by the activity of glycogen phosphorylase. The activation of this enzyme can be triggered by either increased catecholamine levels or muscle contraction or by both acting in concert (Tarrant, 1989) . This author implied that the predominant mechanism responsible for excessive antemortem glycogenolysis and the subsequent formation of the DCC may be species dependent. It has been suggested that muscle contraction may be the primary mechanism responsible for antemortem glycogenolysis in cattle (McVeigh and Tarrant, 1983; Tarrant, 1989) , whereas increased catecholamine levels may be the predominant mechanism in sheep (Tarrant, 1989) . Therefore, the objectives of our study were to develop a reliable animal model that would consistently result in the DCC and to determine the role of muscle contraction in antemortem glycogen degradation and subsequent formation of the DCC in sheep. were blocked by weight and sex and assigned randomly, within blocks, to three treatments of 10 lambs each: 1) unstressed controls ( C) ; 2 ) a single 6-h period of restraint and isolation stress ( RIS) ; and 3 ) RIS following epidural blockade ( RISEB). Lambs were housed in environmentally controlled rooms at 18°C in individual stanchions for a minimum of 14 d before stressor treatment. All lambs were fed individually at, or slightly below, their maintenance requirements (NRC, 1985) . This was achieved by feeding .3 kg of a cracked corn-whole oats-dehydrated alfalfa pellet diet twice daily. Lambs were allowed ad libitum access to water. Lambs were subjected to continuous illumination throughout the study to minimize the potential for photoperiodic entrainment of the circadian rhythm of cortisol.
Materials and Methods

Experimental
Stressor treatment consisted of moving lambs from their home stanchions t o another room where they were isolated from visual and tactile contact with other lambs. Restraint was achieved by placing lambs in right lateral recumbency and binding both forelimbs and both hindlimbs together with a nonadhesive tape (Vetrap Bandaging TapeTM, 3M Animal Care Products, St. Paul, MN), followed by binding both sets of limbs together with elastic tape (Elastikon@,
Johnson & Johnson Products, New Brunswick, N J ) for 6 h. In order to minimize physical discomfort during stressor treatment, restrained lambs were placed on 7.6-cm-thick foam mattresses with an additional 7.6-cm thickness of foam beneath their heads. Rope halters, fed through the foam, were used to secure their heads to the foam. Control lambs remained in their home stanchions, and, with the exception of blood sampling, were subjected to minimal handling and stress.
Twenty-two hours before RIS, lCgauge, 5.1-cm polypropylene catheters (Baxter Health Care, Deerfield, IL) were inserted into both jugular veins by percutaneous venipuncture. In addition, 15 h before RIS, RISEB lambs were placed in right lateral recumbency, the area over the lumbosacral junction was clipped, and the skin was cleaned with three alternating scrubs of chlorohexidine and alcohol. One milliliter of 2% lidocaine was injected subcutaneously above the lumbosacral space. An 18-gauge, 8.9-cm Tuohy needle (Becton-Dickinson, Franklin Lakes, N J ) was inserted into the epidural space between the last lumbar and the first sacral vertebrae. A 20-gauge teflon epidural catheter (Becton-Dickinson) was inserted into the epidural space, and the tip advanced t o the area of the first lumbar vertebra. The Tuohy needle was removed, and the catheter was capped and sutured to the skin.
Feed was withheld from all lambs for 18 h before stressor treatment. On the morning of each replication (two lambs from each treatment), a sample of blood was withdrawn and designated as the 0-h sample. Then, the RISEB-lambs were removed from their stanchions, and 2% lidocaine, at a dose of .2 m u 5 kg BW, was injected into the epidural catheter. Epidural anesthesia was used to block spinal nerves, thereby rendering the lambs insensitive to pain and inhibiting muscle contraction in specific parts of the body (Hall and Clark, 1983) .
The level of epidural anesthesia was monitored throughout the stressor treatment by skin prick. Additional doses of lidocaine were given as needed to inhibit contraction in all skeletal muscles of the hindsaddle, extending posterior of approximately the 10th thoracic vertebra, for 6 h. Lambs in the RISonly group also were being stressed at the same time. After initiation of stressor treatments, venous blood samples were obtained from the jugular catheters at 12-min intervals for 6 h to quantify epinephrine, norepinephrine, and cortisol in plasma, and serum concentrations of insulin, glucose, lactate, and free fatty acids. Upon completion of the 6-h period of RIS, lambs were transported less than 1 km to the Kansas State University Abattoir and slaughtered ( 5 30 min).
Lambs were penned according to treatments and, in order to minimize the effects of preslaughter handling and transportation, lambs were slaughtered in a sequential order with C lambs slaughtered first, followed by RIS, and then RISEB lambs. Lambs were slaughtered in five groups with two lambs from each treatment being killed on a given day. Lambs were rendered unconscious by a nonpenetrating stunning method. Immediately after stunning, four 1.27-cmdiameter cores were removed from the longissimus muscle ( L M ) perpendicular to the length of the LM on the left side of the carcass. Two cores were removed cranial to the 10th thoracic vertebra (designated as foresaddle samples), and two cores were removed caudal to the second lumbar vertebra (designated as hindsaddle samples). Subsequently, LM samples were removed at .75, 3, 6, 12 , and 24 h after stunning. One core was removed for pH determinations, and the second core was frozen immediately in liquid NZ for determinations of muscle glycogen and lactate concentrations at a later date. Plasma cortisol concentrations were determined using a validated RIA procedure for ovine plasma (Minton et al., 1992) .
Insulin was measured in ovine serum using a direct RIA in which the insulin antibody was coated to plastic tubes (Diagnostic Products, Los Angeles, CA). Porcine insulin was used as the standard in this assay. Insulin was recovered quantitatively from ovine serum. The regression of the concentration of insulin measured in the assay on the concentration expected after addition of known quantities of insulin to ovine serum had a slope of 1.004. When 25,50, 100, and 200 pL of an ovine serum pool were assayed, the concentrations measured in the assay were 10.77, 10.63, 10.75, and 10.21 ng/mL, respectively. All samples were assayed at 200 @L. The assay was sensitive to .04 ng/mL. The intraassay and interassay CVs averaged 7.49 and 18.41%, respectively.
Serum glucose was analyzed using the automated procedure of Gochman and Schmitz ( 19721, and serum lactate concentrations were measured in a Model 23L Lactate Analyzer (Yellow Springs Instrument, Yellow Springs, OH) following the procedure outlined by Apple et al. (1993b) . Serum free fatty acid concentrations were determined optically using a commercially available enzymatic kit (Wako Chemicals USA, Dallas, TX).
Not all lambs are represented at all sampling times in the results for blood endocrine and metabolite analyses because of temporarily blocked catheters, erroneous assay readings, or other reasons. The number of lambs represented is stated with each figure. Muscle pH, Glycogen, and Lactate Determinations.
One gram of excised muscle at each sampling time was homogenized with 10 mL of 5 mM sodium iodoacetate in 150 mM of potassium chloride (Bendall, 1973) with a Polytron homogenizer (Brinkmann Instruments, Westbury, NY), and pH was measured with an Orion Ross Combination pH Electrode attached to a pH meter (Fisher Scientific, Pittsburgh, PA).
For both glycogen and lactate analyses, approximately 1 g of frozen muscle was homogenized for 30 S in 2.0 mL of 6% perchloric acid with a Polytron homogenizer. Additional perchloric acid was added to yield a final volume of 19.3 mL/g of tissue and homogenized for 1 min. A 2-mL aliquot of homogenate was removed, neutralized with 1 mL of 1 M potassium carbonate, capped, and frozen in liquid NZ to be used for analysis of total glucose according to the procedure of McVeigh ( 198 1 1. The remainder of the homogenate was filtered under vacuum. A 4-mL aliquot of the filtrate was neutralized with .2 mL of 5 M potassium carbonate, centrifuged at 1,500 g x 10 min, capped, and frozen in liquid N2 to be used for free glucose (McVeigh, 1981) and lactate (McGinnis et al., 1989) determinations.
Muscle glycogen content was determined using the enzymatic procedure of McVeigh ( 198 1) and Tarrant and McVeigh (1979) . The frozen, unfiltered, neutralized homogenate was hydrolyzed with a-amylase (Type l-A from hog pancreas) and amyloglucosidase (from Aspergillus niger) in a 40°C water bath for 2 h, then centrifuged at 1,600 g x 10 min. The supernatant and the neutralized filtrate were reacted with peroxidase (Type 2 from horseradish), 2,2'-azino-di-(3-ethyl-benzthiazoline) sulfonic acid, and glucose oxidase (Type 5 from Aspergillus niger) to yield color reactions for the determination of total and free muscle glucose concentrations. The difference between total glucose and free glucose represented the glucose derived from glycogen.
Muscle lactate concentrations were determined using a commercially available kit (Sigma Diagnostic L-Lactate Kit, Sigma Chemical, St. Louis, MO) according to the procedure of McGinnis et al. ( 1989) . A 100-pL sample of neutralized filtrate was mixed with lactate dehydrogenase and P-nicotinamide adenine dinucleotide and incubated for 10 min in a 37°C water bath;
absorbance was read at 340 nm.
Warner-Bratzler Shear Force and Cooking
Loss Determinations. Three LM chops from the hindsaddle and three from the foresaddle regions were thawed for 16 h at 4°C. Then, chops were trimmed of external fat, deboned, weighed, and cooked in a Blodgett dual-airflow oven (G. S. Blodgett, Burlington, VT) to an internal temperature of 70°C (AMSA, 19781, monitored with thermocouples attached to a DORIC Minitrend 205 temperature monitor (Emerson Electric S. A., Doric Div., San Diego, CA). Chops were weighed and were allowed to cool to room temperature for 2 h, and six (two from each chop) 1.27-cmdiameter cores were removed perpendicular to the chop's surface with a mechanical coring device and sheared through the center with a WBS device attached to an lnstron 4201 (Instron, Canton, MA). The differences between precooked and cooked weights were divided by the precooked weight to CL%.
Statistical Analyses.
Endocrine, blood metabolite, muscle pH decline, muscle glycogen, and lactate response curves were analyzed as a split-plot design (Gill and Hafs, 1971 ) using the GLM procedures of SAS (19851, with stressor treatment (tested by the lamb within treatment mean square) as the sole source of variation in the whole plot, and time and time x treatment interactions as sources of variation in the subplot. Comparisons among treatments within a given time of measurement were made only if a significant ( P < .05) time x treatment interaction was apparent. Carcass color data and meat cookeryiWBS data were analyzed as a completely randomized design (using the GLM procedures: SAS, 1985) with treatment and chop location as the main effects and treatment x chop as the interactive effect in the model. Least squares means were calculated for main effects and interaction effects, and were separated statistically using the least significant difference procedure (SAS, 1985) .
Results and Discussion
Physiological Responses. The norepinephrine responses to RIS and RISEB ( Figure 1 ) were highly variable among lambs and sampling times, and mean values did not differ ( P > . 0 5 ) among treatments. On the other hand, the bar graph ( Figure 2B ) of plotted epinephrine responses and treatment effects illustrates that epinephrine secretion was maintained at a ET AL. The formation of the DCC essentially is a phenomenon related to the animal's physiological response to an antemortem stressor.
Typically, the animal responds to increased physical and(or) psychological stressors by releasing ACTH from the anterior pituitary, glucocorticoids from the adrenal cortex, epinephrine and norepinephrine from the adrenal medulla, and norepinephrine from the sympathetic nerves (Axelrod and Reisine, 1984) . These hormones serve to adapt the body to stressors by affecting cardiovascular, energy-producing, and immune systems.
Plasma concentrations of norepinephrine are reflections of sympathetic nerve activity over short periods of time; the half-life of norepinephrine is less than 3 min (Whitby et al., 1961) . Restraint or immobilization of laboratory rodents elevated plasma norepinephrine concentrations between threeand eightfold (Kvetnansky et al., 1978; Popper et al., 1977) . However, Kvetnansky et al. (1978) reported that the removal of the top of cages, transfer to another room, and gentle handling also produced significant increases in plasma norephinephrine levels. Furthermore, surgery has been shown to elevate plasma concentrations of both epinephrine and norepinephrine in humans (Houghton et al., 1978; Halter and Pflug, 1980; Pflug and Halter, 1981) . Therefore, the variability and the high initial concentrations of norepinephrine observed in our sheep . Plasma epinephrine responses to restraint and isolation stress (RI3 and epidural blockade (RISEB). A) Epinephrine responses over the 6-h period stressor treatment. Each data point represents the least squares mean (+ SE) of five nonstressed control lambs (Ctrl), seven IUS lambs, and seven RISEB lambs. Epinephrine secretion was maintained at a higher (P < .01) level in RIS and RISEB lambs than in Ctrl lambs over the 6-h stress period. B) Epinephrine treatment effect least squares means for the 6-h period (k SE) for the respective treatment groups. An asterisk ("1 indicates that RIS and RISEB lambs had higher (P < .01) plasma epinephrine concentrations than Ctrl lambs. before stressor application may have been results of simply moving and handling the lambs and(or) residual responses to the insertion of the epidural and jugular catheters.
The release of epinephrine from the adrenal medulla enables animals to mobilize their resources quickly for the metabolic requirements of confrontation or escape (Cannon's "fight or flight" response; Dantzer and Mormede, 1983 Figure 3 . Plasma cortisol responses to restraint and isolation stress ( R I 3 and epidural blockade (RISEB). Each point of data represents the least squares mean (+ SE) of five nonstressed control (Ctrl) lambs, seven RIS lambs, and seven RISEB lambs. (Robertson et al., 19791, and surgery (Halter and Pflug, 1980) . Additionally, plasma epinephrine levels were elevated dramatically by gentle handling (Kvetnansky et al., 1978) , sleep and awakening (Popper et al., 1977) , and immobilizatiodrestraint (Kvetnansky et al., 1978; Popper et al., 1977) in laboratory mice, and by exercise and fasting (Blum and Eichinger, 1988) and restraint and branding (Lay et al., 1992) in beef cattle. However, we believe this is the first report of a secretory pattern of plasma epinephrine concentrations in sheep in response to an emotional stressor.
In addition to the activation of the sympathetic nervous and the adrenomedullary systems, stressors will elicit activation of the hypothalamic-pituitaryadrenocortical axis (Dantzer and Mormede, 1983) . Our results are similar to those of Pierzchala et al. (1985) and Jephcott et al. (19861, who reported that isolation and immobilization of sheep dramatically elevated plasma cortisol concentrations. Although we did not measure plasma ACTH concentrations in this study, previous research in our laboratory has shown that subjecting sheep to RIS resulted in a robust elevation in circulating concentrations of ACTH, as well as cortisol (Minton et al., 1992; Apple et al., 1993a) . From the observed increases in plasma epinephrine and cortisol levels, we conclude that RIS effectively activated both the sympatheticadrenomedullary system and the pituitary-adrenocortical axis in our stressed lambs.
Stressor treatment elevated ( P < . O l ) serum glucose and lactate concentrations (Figure 4 ) higher than those in C lambs. In addition, RISEB lambs had higher ( P < .01) glucose and lactate concentration than RIS lambs over the last 2.6 h of treatment. . Serum glucose and lactate responses to restraint and isolation stress (RIS) and epidural blockade (RISEB). Each data point represents the least squares mean (k SE) of five nonstressed control lambs (Ctrl), seven RIS lambs, and seven RISEB lambs. A) Glucose responses over the 6-h stressor treatment. A single asterisk (*) indicates that RIS and RISEB lambs had higher (P < .01) glucose concentrations than Ctrl counterparts. Two asterisks ("*l indicate that glucose concentrations were different (P < .01) among all three treatment groups. B) Lactate responses over the 6-h stressor treatment. An asterisk ("1 indicates that RIS and RISEB lambs had higher (P < .01) lactate concentrations than Ctrl lambs; two asterisks (**) indicate that lactate concentrations were different among all three treatment groups.
Insulin concentrations were similar ( P > .05) among treatment groups during the first 24 min of RIS; however, for the remaining 5.6 h, stressed lambs had
O 1) serum insulin concentrations than C lambs ( Figure 5) . After 3.8 h of stressor treatment, RISEB lambs had greater ( P < .01) insulin concentrations than RIS lambs. Time After Onset of Stress, h Figure 5 . Serum insulin responses to restraint and isolation stress (RIS) and epidural blockade (RISEB). Each data point represents the least squares mean (+ SE) of five nonstressed control lambs (Ctrl), seven RIS lambs, and seven RISEB lambs.
The hyperglycemia observed in our study typically is induced during stress by increased adrenal secretion of epinephrine (Cryer, 1980) . Epinephrine-induced hyperglycemia is the result of both accelerated glucose production (glycogenolysis and gluconeogenesis) and reduced glucose clearance from the circulation (Rizza et al., 1979) . Although Exton et al. (197 1) and Sherline et al. (1972) demonstrated that epinephrine could stimulate hepatic and muscular glucose production by both a-and &adrenergic mechanisms, the stimulation of glycogenolysis and glucose production by epinephrine when it binds to @-adrenergic receptors on muscle and hepatic cells has been accepted readily (Rizza et al., 1980) . In our study, concomitant elevations of both glucose and insulin by RIS would be expected. However, serum glucose did not decrease in response t o the elevation in serum insulin, thereby indicating a degree of peripheral insulin resistance. However, we observed an additional elevation in serum glucose (Figure 41 , closely followed by a second elevation in serum insulin (refer to Figure 5 ) in RISEB lambs. The exact cause for the occurrence of these additional increases is unknown. Richter et al. (1982) reported that glucose transport into muscle cells was enhanced by contraction; however, this could not explain the sudden elevation in glucose that we observed. A possible explanation for the second glucose increase may be increased glucose production in the liver from lactate, alanine, and(or) glycerol (Clarenburg, 1992) . The increased insulin concentrations in RISEB lambs, likely in response to the second increase in serum glucose levels, indicate that insulin secretion could indeed increase in the presence of epinephrine. Furthermore, our findings lend support to the theory of Beard et al. (1982) , who speculated that once a "new" glucose homeostatic state was achieved in stressed animals, a much greater increase in insulin secretion would be required to maintain this "new" balance than during the unstressed state.
The increase in serum lactate observed in our study is consistent with a previous report in which sheep were subjected to RIS (Apple et al., 1993a) . The appearance of lactate in serum has been thought to be a metabolic end product of anaerobic metabolism; however, sheep subjected to RIS have metabolic rates similar to those of resting sheep (J. K. Apple and D. E. Leith, unpublished observations), and lactate production also can occur from aerobic metabolism (Connett et al., 1984) .
The increase in circulating lactate concentrations occurs because the rate of lactate production is greater than the rate of lactate uptake by skeletal muscle and the liver (Stanley et al., 1985) . Similar to our findings for serum glucose and insulin, we observed an additional increase in serum lactate concentrations in RISEB lambs compared with RIS lambs ( Figure 4B ). This secondary elevation in lactate levels may be simply a result of increased hepatic and muscle glycogenolysis and(or) metabolism of circulating glucose by muscle (which was elevated in RISEB lambs at approximately the same time following the onset of RIS; Figure 4Aj . Additionally, the increase in serum lactate may have resulted from enhanced absorption of lactate produced in the rumen (Ballard et al., 1969) . The secondary rise in serum lactate concentrations in our RISEB lambs also may lend support t o the "lactate shuttle theory." Brooks ( 1986) reported that the basis of this theory is that lactate, released from either active or inactive muscle fibers undergoing high rates of glycogenolysis and glycolysis, is transported in blood and metabolized by other active or inactive muscle fibers with high respiratory rates. Wasserman et al. (1987) found that the "lactate shuttle" was functional when serum lactate levels were low during periods of rest, and following postabsorptive and postprandial states, as well as during sustained, submaximal exercise when serum lactate levels are the highest. Therefore, according to the "lactate shuttle theory," lactate produced in active, unblocked muscles of the forelimb of our RISEB lambs could have been transported to either the liver for glucose production or to the inactive, blocked muscles of the hindlimb and oxidized. We speculate that "lactate shuttle" occurred in our RISEB lambs.
Serum FFA concentrations ( Figure 6 ) were higher ( P < .01) in RISEB lambs before stressor treatment than in either RIS or C lambs. During the first 3 h of stressor treatment, RIS and RISEB lambs had higher ( P < .01 j FFA concentrations than C lambs; however, at 1 and 3 h, RISEB lambs had higher ( P < .O 1) FFA concentrations than RIS lambs, whereas at 2 h, RIS lambs had higher ( P < .O 1) FFA concentrations than RISEB lambs. By the 5th h of stressor treatment, FFA concentrations had returned to basal levels and did indicates that RISEB lambs had higher (P < .01) serum FFA concentrations than either RIS or Ctrl lambs immediately before stressor treatment; two asterisks (*") indicates that FFA concentrations were different (P < .01) among all three treatment groups; three asterisks (***) indicate that at the termination of stressor treatment, MS and RISEB lambs had higher (P < .01) FFA concentrations than Ctrl lambs; and four asterisks (****) indicate that RIS lambs had higher (P < .01) serum FFA concentrations than either RISEB or Ctrl lambs. not differ ( P > .OS) among treatment groups; however, at the conclusion of stressor treatment, both RIS and RISEB lambs had greater ( P < .01) FFA levels than C lambs.
Our results are consistent with those of Pierzchala et al. (19851, who found that isolating individual lambs from their flock caused a dramatic increase in circulating FFA. The increase in serum FFA concentrations in stressed animals likely is due to catecholamine-stimulated lipolysis (Cryer, 1980) . Epinephrine stimulates lipolysis by binding to both a-and padrenergic receptors on the adipocyte cell surface, thereby increasing intracellular concentrations of CAMP and activating CAMP sensitive (hormonesensitive) lipase, which cleaves triglycerides into FFA and glycerol (Fain and Garcia-Sainz, 1983) .
Postmortem Muscle Responses. Postmortem LM pH decline is presented in Figure 7 . In both the foresaddle (panel A) and hindsaddle (panel B), LM pH values were higher ( P < .01) for RIS and RISEB lambs than for C lambs at every sampling time. Furthermore, there was no difference ( P > .05) in LM pH from either the blocked hindsaddle or unblocked foresaddle of RISEB lambs. In addition, not only was the ultimate (24-h) LM pH higher ( P < . O l ) in stressed A regions, respectively. In contrast, when preslaughter glycogen levels are depleted, postmortem lactic acid formation and accumulation are curtailed and the ultimate pH value exceeds 6.0, the threshold level for the DCC (Tarrant, 1989) . Indeed, the ultimate pH of the LM from RIS and RISEB lambs in our study exceeded 6.0 and elicited the DCC. Postmortem glycogen concentrations for foresaddle and hindsaddle regions are illustrated in Figures  8  and 9 , respectively. At slaughter, LM glycogen concen--trations were unmistakably lower ( P < .O 1) in samples from stressed lambs than from C lambs, regardless of the sampling location. It is important to note that the epidural blockade had no effect ( P > .05) Time Postmortem, h Figure 7 . Postmortem pH decline in the longissimus muscle (LM) as affected by restraint and isolation stress (RIS) and epidural blockade (RISEB). A) Postmortem pH decline in LM samples removed from the foresaddle region of the carcass. B) Postmortem pH decline in LM samples excised from the hindsaddle region of the carcass. Each data point represents the least squares mean (k SE) of 12 nonstressed (Ctrl) lambs, 9 RIS lambs, and 9 RISEB lambs. An asterisk (*l indicates that pH values were higher (P < .01) in the LM from RIS and RISEB lambs than that from unstressed counterparts.
lambs, but it was elevated in excess of 6.0, the threshold level associated with the DCC.
Normal postmortem muscle pH declines in a curvilinear fashion from its initial value of approximately 7.2 (Sahlin, 19781, until it reaches an ultimate pH value between 5.5 and 5.7 (Greaser, 1986) because of the accumulation of lactic acid in the muscle (Bodwell et al., 1965; 1966) . Postmortem pH decline in the LM from C lambs in our study was essentially identical to the normal postmortem muscle pH decline described by Greaser (1986) Figure 8 . Postmortem glycogenolysis in the longissimus muscle (LM) from the foresaddle region as affected by restraint and isolation stress (IUS) and epidural blockade (RISEB). A) Postmortem glycogen breakdown in LM samples from the foresaddle region of the carcass. Each data point represents the least squares mean (+ SE) of 12 nonstressed lambs (Ctrl), 9 RIS lambs, and 9 RISEB lambs. B) Treatment least squares means (+ SE) for postmortem glycogen degradation. An asterisk (*) indicates that the LM from Ctrl lambs had higher (P < .01) glycogen reserves at slaughter and over the 6-h stressor treatment than RIS and RISEB lambs. 
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Time Postmortem, h Figure 9 . Postmortem glycogenolysis in the longissimus muscle (LM) from the hindsaddle region as affected by restraint and isolation stress (RIS) and epidural blockade (RISEB). Each data point represents the least squares mean (+ SE) of 12 nonstressed lambs (Ctrl), 9 IUS lambs, and 9 RISEB lambs. An asterisk ( 9 indicates that the LM from Ctrl lambs had higher (P .01) glycogen reserves at slaughter and over the 6-h stressor treatment than RIS and RTSEB lambs. on antemortem or postmortem glycogen metabolism in stressed lambs.
Antemortem glycogenolysis currently is accepted as the mechanism whereby the DCC is elicited. Several experimental settings, including transportation stress (Warriss et al., 1990) , the mixing of unfamiliar cattle (McVeigh and Tarrant, 19831 , and slaughter of heifers in estrus (Kenny and Tarrant, 19881 , have been associated with the excess depletion of muscle glycogen reserves before slaughter and the resultant formation of the DCC. Antemortem glycogenolysis in skeletal muscle is regulated by the activity of glycogen phosphorylase, which may be triggered by either an adrenergic mechanism or a contractile mechanism or by both mechanisms acting in concert (Tarrant, 1989) . Furthermore, Tarrant (1989) implied that antemortem glycogenolysis and the subsequent formation of the DCC in cattle were consequences of exhausting muscular activity (contractile mechanism), whereas in sheep, epinephrine released in response to an emotional stressor (adrenergic mechanism) was the predominant cause.
As previously mentioned, we employed epidural anesthesia to prevent muscle contraction without altering catecholamine secretion. At slaughter, LM glycogen concentrations were depleted almost completely, not only in our RIS lambs, but also in our RISEB lambs. Therefore, our data support Tarrant's conclusions and suggest that antemortem glycogenolysis in sheep likely was initiated and maintained by the elevated concentrations of epinephrine, and not by the contractile mechanism, at least in the hindsaddle LM.
Several studies have shown that preslaughter injections of epinephrine resulted in the depletion of muscle glycogen reserves in both cattle and sheep (Ashmore et al., 1973a,b; McVeigh and Tarrant, 1983) . Furthermore, treatment with propranolol, a padrenergic blocker, effectively inhibited glycogenolysis and subsequent formation of the DCC in beef (Ashmore et al., 1973a; McVeigh and Tarrant, 1983) and lamb muscle (Ashmore et al., 197313; Monin and Gire, 1980) . Results of those studies support our conclusions that excessive antemortem glycogen degradation is triggered and maintained by the adrenergic mechanism. At slaughter, LM lactate concentrations ( Figure   10 1 were higher ( P < .Ol) in both the foresaddle and hindsaddle from C lambs than from either RIS or RISEB lambs. At 24 h postmortem, LM lactate concentrations were higher ( P < .O 1) in the foresaddle of RISEB lambs than in that of RIS lambs. Moreover, with the exception of the O-h sample, LM lactate concentrations were higher ( P < .O 1) in the hindsaddle from RISEB lambs than from RIS lambs. Although postmortem muscle glycogen degradation and pH decline were virtually identical in the LM from RIS and RISEB lambs, postmortem lactate formation and accumulation were not the same (Figure 10 ). The exact reason for this observation is unknown; however, the differences in LM lactate concentrations between carcasses from RIS and RISEB lambs could be interpreted as an indication that some factor(s), in addition to lactate, is responsible for pH decline in postmortem muscle. We did not measure ATP and its metabolites (ADP, AMP, IMP, and inorganic phosphate), which could affect muscle pH (Greaser, 1986) . Additionally, we did not measure the concentrations of strong cations and strong anions, which also have important effects on hydrogen ion concentration (Stewart, 1981) . Richter et al. ( 1988) and Futre et al. ( 1987) have reported that not only do active muscles extract lactate from circulation, but inactive muscles or limbs consume and oxidize lactate during net lactate production. Therefore, we could speculate that the higher lactate concentrations in the LM from RISEB lambs could have been a result of increased substrate (pyruvate and lactate) uptake by inactive muscle before slaughter. Furthermore, Brooks and Gaesser (1980) and Futre et al. (1987) have shown that during exercise, approximately 80% of all lactate formed is oxidized completely into carbon dioxide and water. So, another explanation for the differences in LM lactate concentrations between RJS and RISEB lambs may be that more extensive lactate oxidation by their active muscles resulted in lower LM lactate concentrations in RIS lambs. These lower concentrations also could indicate that more lactate was Time Postmortem, h Figure 10 . Postmortem lactate formation in the longissimus muscle (LM) as affected by restraint and isolation stress (RIS) and epidural blockade (RISEB). A) Lactate concentrations in LM samples from the foresaddle region of the carcass. B) Lactate concentrations in LM samples from the hindsaddle region of the carcass. Each data point represents the least squares mean (+ SE) of 12 nonstressed lambs (Ctrl), 9 RIS lambs, and 9 RISEB lambs. In Panels A and B, one asterisk (*) signifies that the LM from C lambs had greater (P .01) lactate concentrations than either RIS or RISEB lambs at slaughter; two asterisks (**) indicate that LM lactate concentrations were different among all three treatment groups.
transported out ( Figure 4B ) of the active muscle by lactate transporter proteins (Roth and Brooks, 1990a,b) , or because active muscle is very sensitive t o epinephrine, it may have stimulated greater lactate release from active muscles in RIS lambs (Stainsby et al., 1985) .
Meaf Quality. Objective muscle color measurements are presented in Figure   11 . The LM from RIS and RISEB lambs had lower ( P < .01) CIE L*, a*, and b* interface 9th thoracic vertebra, and 3rd lumbar vertebra. B) The CIE a* values obtained at the 12th-13th rib interface, 9th thoracic vertebra, and 3rd lumbar vertebra. C) The CIE b* values obtained at the 12th-13th rib interface, 9th thoracic vertebra, and 3rd lumbar vertebra. Each bar represents the least squares mean (k SE) of 12 nonstressed lambs (Ctrl), 9 RIS lambs, and 9 RISEB lambs. An asterisk (*) indicates that the LM from Ctrl lambs had higher (P < .01) L*, a*, and b* values than the LM from RIS and RISEB lambs. values (Figure ll) , indicating that muscle from stressed lambs was darker, less red, and less yellow, respectively, than LM from C lambs.
The change from dark, translucent color (DCC) to a more opaque meat color is highly related to pH change and occurs at a pH of approximately 6.0 (MacDougall and Jones, 1981) . Lawrie (1958) found that mitochondrial oxidase, a principal enzyme responsible for oxygen uptake by mitochondria, is more active at pH values greater than 6.0. This led Egbert and Cornforth ( 1986 to conclude that insufficient acid formation during postmortem glycolysis, typical of the DCC, fails t o inactivate mitochondrial respiration, thus allowing myoglobin to be deoxygenated and causing the muscle to remain dark.
Longissimus muscle chops from RIS and RISEB lambs in our study had lower L", a*, and b* values, which are generally supportive of previous observations in our laboratory that a* and b* values were lower for muscle from lambs subjected to three consecutive days of RIS than from C lambs (Apple et al., 1993b) . However, those lambs were fed an abovemaintenance diet and were allowed 18 h of rest before slaughter. As a result, LM pH was below 6.0 and the Hunter L* value was similar to that from C lambs. Objective color measures showed that meat from stressed lambs was darker than that from nonstressed lambs (Forrest et al., 1964) . In addition, Purchas (1988) found that, as muscle pH increased above 6.0, CIE a* values obtained using a Minolta Chroma Meter decreased below 16.0. In our study, mean LM a* values measured at the 9th thoracic and 3rd lumbar vertebrae also were below 16.0. Thus, objective measurements of muscle color, coupled with ultimate muscle pH values in excess of 6.0, indicate that the DCC was effectively produced by a single 6-h period of RIS in our study. Cooking loss percentages and WBS force determinations are illustrated in Figure 12 .
Chops from RIS lambs had lower ( P < .O 1) CL% than chops from either RISEB or C lambs. Previously, we have shown that three consecutive days of RIS tended to reduce CL% compared with LM chops from C lambs (Apple et al., 1993b) . However, we cannot explain why the CL% differed between LM from RIS lambs and RISEB lambs. Bouton et al. ( 1982) reported a close, inverse, linear relationship between LM pH and CL%. Moreover, decreased CL% is a reflection of the increased water-holding capacity associated with meat of high ultimate pH (Bouton et al., 1971) .
Chops from both RIS and RISEB lambs had lower ( P < .O 1) WBS force values, indicating that LM chops from stressed lambs were more tender than those from C lambs. This contradicts the previous findings from our laboratory (Apple et al., 1993b) that RIS had no effects on shear force or sensory panel tenderness scores. However, the results of our present study support the findings of Chrystall et al. (1982) , who found that the LM from lambs chased to exhaustion by dogs was more tender than the LM from their unstressed counterparts. reported that meat tenderness was improved in muscles with a high ultimate pH ( i n excess of 6.0). This association is possibly a result of the higher favorable pH for activation of calpain proteases (Koohmaraie, 1988) .
The stressor treatment used in our experiment effectively elicited dramatic elevations in stress hormones (epinephrine and cortisol) and circulating energy reserves (glucose, lactate, and FFA), as well as excessive muscle glycogen degradation and the DCC. However, an intriguing question still remains unanswered. Why should a ruminant animal, which metabolizes primarily short-chain volatile fatty acids, utilize small glycogen reserves (consisting of only .5 to 1.0% of the wet weight of muscle; Greaser, 1986) for energy production when other, preferred substrates are available? Lister and Spencer ( 198 1) believe that the excessive and premature enlistment of glycogenolysis is not in response to an excessive energy demand made upon the animal, but is simply a metabolic response to the release of stress hormones.
Implications
Subjecting sheep to restraint and isolation stress will cause a dramatic reduction in longissimus muscle glycogen reserves before slaughter and ultimate pH values in excess of 6.0, leading to the formation of the dark-cutting condition. Therefore, our findings suggest that subjecting sheep to a single 6-h period of restraint and isolation stress is an effective, reliable, animal model to study the dark-cutting condition in a controlled laboratory setting. However, failure of the epidural blockade to inhibit antemortem glycogenolysis and postmortem pH decline indicates that muscle contraction is not requisite to the formation of the dark-cutting condition in sheep.
